® , the international ImMunoGeneTics information system ® (http://imgt.cines.fr) provides a common access to expertly annotated data on the genome, proteome, genetics and structure of immunoglobulins (IG), T cell receptors (TR), major histocompatibility complex (MHC) of human and other vertebrates, and related proteins of the immune system (RPI) of any species. RPI include proteins that belong to the immunoglobulin superfamily (IgSF) and MHC superfamily (MhcSF). IMGT has set up a unique numbering system, which takes into account the structural features of the Ig-like and Mhc-like domains. In this paper, we describe the IMGT Scientific chart rules for the description of the IgSF V type and C type and of the MhcSF G type domains. These rules are based on the IMGT-ONTOLOGY concepts and are applicable for the sequence and structure analysis, whatever the species, the IgSF or MhcSF protein, or the chain type. We present examples of IMGT Colliers de Perles of IgSF V type (V-DOMAIN and V-LIKE-DOMAIN), C type (C-DOMAIN and C-LIKE-DOMAIN) and MhcSF G type (G-DOMAIN and G-LIKE-DOMAIN) based on the IMGT unique numbering. These standardized two-dimensional graphical representations are particularly useful for antibody engineering, sequence-structure analysis, visualization and comparison of positions for mutations, polymorphisms and contact analysis.
INTRODUCTION
IMGT, the international ImMunoGeneTics information system ® (http://imgt.cines.fr) [1] is a high quality integrated knowledge resource specialized in immunoglobulins (IG), T cell receptors (TR), major histocompatibility complex (MHC) of human and other vertebrates, and related proteins of the immune system (RPI) of any species [2] [3] [4] [5] [6] [7] . The RPI proteins include more particularly proteins other than IG, TR and MHC that belong to the immunoglobulin superfamily (IgSF) and to the MHC superfamily (MhcSF) [1] .
The IgSF comprises not only the IG and TR proteins involved in antigen recognition, but also a great number of proteins that are involved in many different functions (in ligand-receptor interactions in development, differentiation, activation, adhesion, regulation, etc.) [7] [8] [9] [10] [11] . The common feature of the IgSF proteins is to have at least one immunoglobulin-like (Ig-like) domain [12, 13] . Despite a large divergence in the amino acid sequences, the Ig-like domains share the IG structural fold, which typically consists of about one hundred amino acids in antiparallel beta strands linked by beta turns or loops and located on two layers maintained by a disulfide bridge [12, 13] . The number of antiparallel beta strands defines two domain types: 9 strands for the V type (which comprises the V-DOMAIN 1 of the IG and TR, and the V-LIKE-DOMAIN of the IgSF proteins other than the IG or TR) [12] (Fig. 1A) , and 7 strands for the C type (which comprises the C-DOMAIN of the IG and TR, and the C-LIKE-DOMAIN of the IgSF proteins other than the IG or TR) [13] (Fig. 2A) . Thus, the IgSF comprises the IG and TR (each chain with one V-DOMAIN and one or several CDOMAINs) and the proteins other than IG and TR defined as having at least one V-LIKE-DOMAIN or one C-LIKE-DOMAIN.
The MhcSF comprises not only the MHC proteins involved in the antigen presentation to the T cells, but also proteins with a three-dimensional (3D) structure similar to that of MHC and involved in different functions [6, 14, 15] . The common feature of the MhcSF proteins is to have two Mhc-like domains which together contribute to a similar groove 3D structure that consists of one sheet of eight antiparallel beta strands ("floor" of the groove or platform) and two helical regions ("walls" of the groove) [6, 14] (Fig. 3A) . Each domain made of four antiparallel beta strands and one helix belongs to the G type (which comprises the G-DOMAIN of the MHC, and the G-LIKE-DOMAIN of the MhcSF proteins other than the MHC) [14] . Thus, the MhcSF comprises the MHC proteins which belong, depending on their structure, to two classes, MHC class I (one chain with two G-DOMAINs and one C-LIKE-DOMAIN, associated to the beta-2-microglobulin (B2M)) and MHC class II (each chain with one G-DOMAIN and one C-LIKE-DOMAIN), and the proteins other than MHC defined as having a groovelike domain made up of two G-LIKE-DOMAINs, associated or not to one C-LIKE-DOMAIN [14] .
IMGT data are described according to the IMGT Scientific chart rules based on the IMGT-ONTOLOGY concepts [8.8.12 ] (PDB and IMGT/3Dstructure-DB: 1a3l_H), on one layer and on two layers, respectively. (D) V-LIKE-DOMAIN on two layers. Homo sapiens CD28 [9.9.13] (PDB and IMGT/3Dstructure-DB: 1yjd_C). Amino acids are shown in the one-letter abbreviation. Position at which hydrophobic amino acids (hydropathy index with positive value: I, V, L, F, C, M, A) and tryptophan (W) are found in more than 50% of analysed sequences are shown in blue. All proline (P) are shown in yellow. The loops BC, C'C" and FG (corresponding to the CDR-IMGT) are limited by amino acids shown in squares (anchor positions), which belong to the neighbouring strands (FR-IMGT). Arrows indicate the direction of the beta strands and their different designations in 3D structures (from IMGT Repertoire, http://imgt.cines.fr). BC loops are represented in red, C'C" loops in orange and FG loops in purple. The IMGT Colliers de Perles on two layers show, on the forefront, the GFCC'C" strands and, on the back, the ABED strands. Hatched circles or squares correspond to missing positions according to the IMGT unique numbering for V-DOMAIN and V-LIKE-DOMAIN [12] . Amino acid one-letter abbreviation: A (Ala), alanine; C (Cys), cysteine; D (Asp), aspartic acid; E (Glu), glutamic acid; F (Phe), phenylalanine; G (Gly), glycine; H (His), histidine; I (Ileu), isoleucine; K (Lys), lysine; L (Leu), leucine; M (Met), methionine; N (Asn), asparagine; P (Pro), proline; Q (Gln), glutamine; R (Arg), arginine; S (Ser), serine; T (Thr), threonine; V (Val), valine; W (Trp), tryptophan; Y (Tyr), tyrosine. [2, 3] , are also shown in squares. Hatched circles correspond to missing positions according to the IMGT unique numbering for C-DOMAIN and C-LIKE-DOMAIN [13] . Arrows indicate the direction of the beta strands and their different designations in 3D structures (from IMGT Repertoire, http://imgt.cines.fr). The IMGT Colliers de Perles on two layers show, on the forefront, the GFC strands and, on the back, the ABE strands. [16] . This includes standardized IMGT gene and allele names (CLASSIFICATION concept) [2, 3, 17] , standardized IMGT labels for the receptors, chains, domains and regions (DESCRIPTION concept) [18, 19] , standardized amino acid positions according to the IMGT unique numbering (NU-MEROTATION concept) [12] [13] [14] 20, 21] . The IMGT standardization is used in the IMGT gene, sequence and structure databases [17, 22, 23] , IMGT on-line tools [23] [24] [25] and in the IMGT knowledge web resources (IMGT Protein displays, IMGT Alignments of alleles, IMGT Colliers de Perles) [2] [3] [4] [5] . IMGT Colliers de Perles [26, 27] are standardized graphical two-dimensional (2D) representations, based on the IMGT unique numbering [12] [13] [14] . IMGT Colliers de Perles are available for the IgSF V type domains, based on the IMGT unique numbering for V-DOMAIN and V-LIKE-DOMAIN [12] , for the IgSF C type domains, based on the IMGT unique numbering for C-DOMAIN and C-LIKE-DOMAIN [13] , and for the MhcSF G type domains, based on the IMGT unique numbering for G-DOMAIN and G-LIKE-DOMAIN [14] . IMGT Colliers de Perles are provided in IMGT/3Dstructure-DB [23] for V type, C type and G type domains for which 3D structures are available. They can also be obtained on-line, starting from V type, C type or G type domain amino acid sequences, using the IMGT/Domain GapAlign and IMGT/Collier-de-Perles tools (http://imgt. cines.fr) [23] , or for user V-DOMAIN nucleotide sequences, using the IMGT/V-QUEST tool [24] . IMGT Colliers de Perles provide a standardized delimitation of the strands (framework regions, FR-IMGT) and loops (complementarity determining regions, CDR-IMGT) of the V-DOMAINs and V-LIKE-DOMAINs [2, 3, 6, 7, 12, 26, 27] , of the strands and loops of the C-DOMAINs and C-LIKE-DOMAINs [7, 13, 28, 29] , and of the strands and helices of the G-DOMAINs and G-LIKE-DOMAINs [6, 14, 29] . By taking into account the structural features of the Ig-like and Mhc-like domains, the IMGT Colliers de Perles based on the IMGT unique numbering allow to fill in the gap between linear amino acid sequences and 3D structures.
In this paper, we review the IMGT Scientific chart rules for the description of the IgSF V type and C type and of the Mhc G type IMGT Colliers de Perles, which are applicable, for the IgSF and MhcSF, whatever the species, the protein or the chain type. This standardization is particularly useful in the absence of 3D structural data, for antibody engineering design, for visualization and comparison of positions for mutations, polymorphisms and contact analysis in the Ig-like and Mhc-like domains.
IgSF AND MhcSF CHAINS AND DOMAINS

IgSF Chains and Domains
The IG and TR proteins are antigen receptors formed for the IG by four chains (two identical heavy chains and two identical light chains) and for the TR by two chains of similar length (alpha and beta chains, or gamma and delta chains, depending on the receptor type). An IG or TR chain comprises of two types of structural units: one V-DOMAIN and one (for the IG light chains and TR chains) or several (for the IG heavy chains) C-DOMAINs (CH1, CH2 and CH3). The unique V-DOMAIN (encoded by a rearranged V-J or V-D-J gene) of a IG or TR chain corresponds to the V-J-REGION or V-D-J-REGION, and is associated to a C-REGION encoded by the C-GENE [12, 13] (for review, see [2] and [3] ). The general organization of the IgSF other than IG and TR is more diverse and follows the modular shuffling between domains ranging from a unique V-LIKE-DOMAIN or a unique C-LIKE-DOMAIN or to any combination of those domains [7] . As examples, the MOG and MPZ (or P0) proteins have a unique N-terminal V-LIKE-DOMAIN [30] [31] [32] [33] [34] [35] [36] [37] , the CEA family proteins have a single N-terminal V-LIKE-DOMAIN followed by a variable number of C-LIKEDOMAINs [38] [39] , VCAM1 is composed of seven C-LIKEDOMAINs [40] [41] [42] [43] [44] . IgSF proteins with diverse V type domain and C type domain combinations interspersed with domains belonging to other types are described constantly.
MhcSF Chains and Domains
The MHC proteins belong to two classes: the MHC-I proteins, expressed on the cell surface of most cells, are formed with an association of a transmembrane heavy chain (I-ALPHA chain) and a non-covalently linked light chain beta-2-microglobulin (B2M) [14] . The MHC-II proteins, expressed on the cell surface of professional antigen presenting cells (APC), are heterodimers formed with an association of two transmembrane chains, an alpha chain (II-ALPHA chain) and a beta chain (II-BETA chain) [14] . (Fig. 3B and Fig. 3C ). Interestingly this groove is found in the "classical" MHC (MHC-Ia and MHCIIa) proteins that present peptides to the T cells (the groove is part of the cleft that is the peptide binding site), and also in "nonclassical" MHC (MHC-Ib and MHC-IIb) proteins with more specific functions or which do not present peptides to the T cells [14] . This groove has also been found in proteins other than MHC, but so far, only MHC-I-like chains have been identified in the MhcSF [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . These chains either include a C-LIKE-DOMAIN and are B2M bound (e.g. CD1, FCGRT, HFE, MR1) or B2M unbound (MIC, AZGP1), or do not include a C-LIKE-DOMAIN (EPCR, RAE) [45] . The G-ALPHA1-LIKE [D1] and G-ALPHA2-LIKE [D2] domains of these proteins show a striking structural homology with the MHC G-ALPHA1 and G-ALPHA2 domains and this, despite a high sequence divergence [14] (Fig. 3D) .
IMGT Colliers de Perles FOR V-DOMAIN AND V-LIKE-DOMAIN V Type Characteristics
The IMGT Colliers de Perles for V-DOMAIN (IG and TR) and V-LIKE-DOMAIN (IgSF other than IG and TR) are based on the IMGT unique numbering for V-DOMAIN and V-LIKE-DOMAIN [12] . Indeed, the 3D structure of a V-LIKE-DOMAIN is very similar to that of an IG and TR V-DOMAIN (Fig. 1) . Both domains are made of 9 antiparallel beta strands (A, B, C, C', C", D, E, F and G) linked by beta turns (AB, CC', C"D, DE and EF) or loops (BC, C'C" and FG) forming a sandwich of two sheets (Fig. 1) . The sheets are closely packed against each other through hydrophobic interactions giving a hydrophobic core and joined together by a disulfide bridge between the B-STRAND in the first sheet and the F-STRAND in the second sheet [11, 23, 57] . In the IMGT unique numbering, the conserved amino acids always have the same position, for instance cysteine 23 (1st-CYS), tryptophan 41 (CONSERVED-TRP), conserved hydrophobic amino acid 89, cysteine 104 (2nd-CYS). The hydrophobic amino acids of the framework regions are also found in conserved positions [12] . It is remarkable that the IG fold 3D structure has been conserved through evolution, despite the particularities of the IG and TR synthesis compared to the other proteins [2, 3] and the sequence divergence of the IgSF domains. Indeed, the V-LIKE-DOMAIN is usually encoded by a unique exon, whereas the IG and TR V-DOMAIN results from the rearrangement of two (V, J) or three (V, D, J) genes (for review [2, 3] ). The V-LIKE-DOMAIN is usually, as the IG and TR V-DOMAIN, the most N-terminal (and extracellular) domain of the protein.
However, in contrast to the IG and TR V-DOMAIN which is always unique, the V-LIKE-DOMAIN may be present in several copies in the same protein and interspersed with C-LIKE-DOMAINs or with domains of other superfamilies.
V Type Strands
The antiparallel beta strands of the V-LIKE-DOMAIN (Fig. 1D) correspond to the conserved regions or framework (FR-IMGT) described in the IG and TR V-DOMAIN [12] (Fig. 1B, 1C) . 
V Type Loops
The BC, C'C" and FG loops of the V-LIKE-DOMAIN correspond to the complementarity determining regions (CDR-IMGT) described in the IG and TR V-DOMAIN [12] . The BC-LOOP comprises positions 27 to 38; the longest BC loops have 12 amino acids. The C'C"-LOOP comprises positions 56 to 65; the longest C'C" loops have 10 amino acids. For BC loops or for C'C" loops shorter than 12 or 10 amino acids, respectively, gaps are created at the apex (missing positions, hatched in IMGT Collier de Perles (Fig. 1) [7] . In Fig. (1) , the CDR-IMGT lengths are [8.8.12] for the V-DOMAIN and [9.9.13] for the V-LIKE-DOMAIN.
IMGT Colliers de Perles FOR C-DOMAIN AND C-LIKE-DOMAIN C Type Characteristics
The IMGT Colliers de Perles for C-DOMAIN (IG and TR) and C-LIKE-DOMAIN (IgSF other than IG and TR) is based on the IMGT unique numbering for C-DOMAIN and C-LIKE-DOMAIN [13] . This numbering is itself derived from the IMGT unique numbering first described for the V-REGION [20, 21] and for the V-DOMAIN [12] . Indeed, the sandwich beta sheet of the C type (C-DOMAIN and C-LIKE-DOMAIN) has the same topology and similar 3D structure than the V type (V-DOMAIN and V-LIKE-DOMAIN), but they differ by the number of strands (Figs. 1  and 2) . The C-DOMAIN and C-LIKE-DOMAIN are made of seven beta strands linked by beta turns or loops, and arranged so that four strands form one sheet and three strands form a second sheet [13] . A characteristic transversal CD-STRAND links the two sheets; depending on the CD-STRAND length, the D-STRAND is in the first or in the second sheet [13] . 
C Type and V Type Comparison
The A-STRAND and B-STRAND of the C type (C-DOMAIN and C-LIKE-DOMAIN) are similar to those of the V type (V-DOMAIN and V-LIKE-DOMAIN) [13] . The C-STRAND and the D-STRAND of the C type are shorter of one position and two positions, respectively, compared to those of the V type. As previously described [13] , the C' and C" strands are missing in the C type and are replaced by the characteristic transversal CD-STRAND. The E-STRAND, F-STRAND and G-STRAND of the C type are similar to those of the V type. 
IMGT Colliers de Perles FOR G-DOMAIN AND G-LIKE-DOMAIN
The IMGT Colliers de Perles for G-DOMAIN (MHC) and G-LIKE-DOMAIN (MhcSF other than MHC) is based on the IMGT unique numbering for G-DOMAIN and G-LIKE-DOMAIN [14] .
G Type Strands
For each G type domain (G-DOMAIN and G-LIKE-DOMAIN), the positions that contribute to the groove floor comprise positions 1 to 49, with the A-STRAND of fourteen amino acids (positions 1 to 14) , the AB-TURN of three or less amino acids (positions 15 to 17), the B-STRAND of eleven amino acids (positions 18 to 28), the BC-TURN of two amino acids (positions 29 and 30), the C-STRAND of eight amino acids (positions 31 to 38), the CD-TURN of three or less amino acids (positions 39 to 41) and the D-STRAND of eight amino acids (positions 42 to 49) [14] (Fig. 3) .
The gaps are localized in the turns. The AB-TURN (positions 15 to 17) comprises three amino acids in the G-ALPHA1, G-ALPHA2 and G-BETA domains but these positions are unoccupied in the G-ALPHA domains (as well as position 18 of B-STRAND) (Fig. 3C) . The BC-TURN (positions 29 and 30) comprises two positions that are occupied in all G-DOMAINs. The CD-TURN (positions 39 to 41) is occupied by three amino acids in the G-ALPHA1 domains and only one in the other domains (G-ALPHA2, G-ALPHA and G-BETA) (Fig. 3) .
The additional position 7A represents a bulge in 3D structures and is present in some G-ALPHA domains, for instance, those of the human HLA-DQA1 and HLA-DOA, and mouse H2-AA and H2-DOA chains [14] . Additional positions at the N-terminus of A-STRAND or at the Cterminus of D-STRAND can be added if necessary. Thus, two additional positions (1.2 and 1.1) are added at the Nterminus of the A-STRAND of the G-ALPHA domains as the presence of these two amino acids was demonstrated by protein sequencing of the HLA-DRA, however the proteolytic cleavage site of the leader peptide (L-REGION) needs to be confirmed experimentally for the other G-ALPHA [14] . In each [D1] G-DOMAIN (except the G-ALPHA domain of human HLA-DMA and mouse H2-DMA discussed below), the amino acid at position 1 (shown within parentheses in IMGT Protein displays, http://imgt.cines.fr) is encoded by the codon that results from the splicing between the first exon (EX1) that encodes the L-REGION, and the second exon (EX2) that encodes [D1] [14] . Ten amino acids have been added at positions 1.10 to 1.1 of HLA-DMA and H2-DMA but it is necessary to confirm experimentally if they belong, or not, to the mature protein. Four additional positions (49.1 to 49.4) are also observed at the C-terminus of D-STRAND of the G-BETA domain of HLA-DMB and H2-DMB1 [14] .
G Type Helix
The numbering of the G type helix starts at position 50 and ends at position 92. Interestingly, we showed that, despite the high sequence divergence, only five additional positions (54A, 61A, 61B, 72A and 92A) are necessary to align any G-DOMAIN and G-LIKE-DOMAIN [14] . Three of them (61A, 61B, 72A) characterize the G-ALPHA2 and/or G-BETA domains. Indeed, positions 61A and 72A are occupied in the G-ALPHA2 domain, whereas positions 61A, 61B and 72A are occupied in G-BETA domains (except for the mouse H2-AB chain). The position 92A is only occupied in the HLA-DMA and H2-DMA G-ALPHA domains. It is worthwhile to note that position 54A in G-ALPHA1-LIKE is the only additional position needed to extend the IMGT numbering for G-DOMAIN to the G-LIKE-DOMAINs of the Mhc-I-like proteins.
The helix (positions 50 to 92) seats on the beta sheet and its axis forms an angle of about 40 degrees with the beta strands. The helix is split into two parts separated by a kink, positions 58 of G-ALPHA1, 61 of G-ALPHA2, 63 of G-ALPHA, and 62 of G-BETA being the "highest" points on the groove floor [6, 14] .
G Type Comparison
Two cysteines, CYS-11 (in strand A) and CYS-74 (in the helix) are well conserved in the G-ALPHA2 and G-BETA domains where they participate to a disulfide bridge that fastens the helix on the groove floor. The G-ALPHA1 and G-ALPHA domains have a conserved N-glycosylation site at position 86 (N-X-S/T, where N is asparagine, X any amino acid except proline, S is serine and T is threonine). An Nglycosylation site is also found at position 86 in the G-ALPHA2 domain of the mouse MHC-Ia chains (H2-D1, H2-K1 and H2-L). The G-BETA domains (except for the human HLA-DMB and mouse H2-DMB1 chains) have a conserved potential N-glycosylation site at position 15 (AB-TURN).
Interestingly, the G-ALPHA domains of the HLA-DMA and H2-DMA chains have specific features compared to the other G-ALPHA domains and share common characteristics with the G-ALPHA2 and G-BETA domains: there is a conserved CYS-11_CYS-74 disulfide bridge, positions 61A and 61B are occupied (as in the G-BETA domains) and there is no N-glycosylation site at position 86 [14] (IMGT Protein display in IMGT Repertoire, http://imgt.cines.fr).
Practically, the IMGT unique numbering for positions 1-39 and 73-92 of the G-ALPHA2 domains can be obtained very easily by subtracting 90 from the mature protein numbering (91-129 and 163-182). Between these positions, the two gaps (at positions 40 and 41) and the two insertions (at positions 61A and 72A) are necessary, in the IMGT unique numbering, to allow meaningful sequence and structure alignment and comparison between the G-ALPHA1 and G-ALPHA2 sequences.
PERSPECTIVES
Any domain represented by an IMGT Collier de Perles is characterized by the length of its strands, loops and turns and, for the G type, by the length of its helix [7, [12] [13] [14] . The strand, loop, turn or helix lengths (the number of codons or amino acids that is the number of occupied positions) become crucial information which characterizes the domains. This first feature of the IMGT standardization based on the IMGT unique numbering allowed, for instance, to show that the distinction between the C1, C2, I1 and I2 domain types found in the literature and in the databases to describe the IgSF C type domains is inapplicable when dealing with sequences for which no structural data are known (discussed in [13] ).
A second feature of the IMGT standardization is the comparison of cDNA and/or amino acid sequences with genomic sequences, and the identification of the splicing sites, to delimit precisely the domains: a V-LIKE-DOMAIN, a C-DOMAIN, a C-LIKE-DOMAIN, a G-DOMAIN or a G-LIKE-DOMAIN is frequently encoded by a unique exon [12] [13] [14] . This IMGT standardization for the domain delimitation explains the discrepancies observed with the generalist UniProt/Swiss-Prot database which identifies domains based on amino acid sequences and does not take into account the genomic information. The IMGT Collier de Perles also puts the question of the leader region. Indeed, the N-terminal end of the first domain of an IgSF or MhcSF chain depends on the proteolytic cleavage site of the leader region (peptide signal) which is rarely determined experimentally. When this site is not known, the IMGT Colliers de Perles start with the first amino acid resulting from the splicing (usually a splicing frame 1) ('Splicing sites' in IMGT Aide-mémoire, http://imgt.cines.fr). For an IG and TR V-DOMAIN the leader proteolytic site is known (or is extrapolated) and the IMGT Colliers de Perles start with the first amino acid of the V-REGION [2, 3] .
The IMGT Colliers de Perles allow a precise visualization of the inter-species differences for the IgSF V and C type domain strands and loops, and MhcSF G type domain strands and helix, even in the absence of 3D structures. This has been applied to the teleost CD28 family members and their B7 family ligands and to the BTLA protein which belong to the IgSF by their V type and/or C type domains [58] . The IMGT Collier de Perles are particularly useful in molecular engineering and antibody humanization design based on CDR grafting. Indeed they allow to precisely define the CDR-IMGT and to easily compare the amino acid sequences of the four FR-IMGT (FR1-IMGT: positions 1 to 26, FR2-IMGT: 39 to 55, FR3-IMGT: 66 to 104, and FR4-IMGT: 118 to 128) between the murine and the closest human VDOMAINs. A recent analysis performed on humanized antibodies used in oncology underlines the importance of a correct delimitation of the CDR regions to be grafted [59] .
The IMGT Colliers de Perles also allow a comparison to the IMGT Colliers de Perles statistical profiles for the human expressed IGHV, IGKV and IGLV repertoires [27] . These statistical profiles are based on the definition of eleven IMGT amino acid physicochemical characteristics classes which take into account the hydropathy, volume and chemical characteristics of the 20 common amino acids [27] ('Amino acids' in IMGT Aide-mémoire, http://imgt.cines.fr). The statistical profiles identified positions which are conserved for the physicochemical characteristics: 41 FR-IMGT positions for the human IGHV and 59 FR-IMGT positions for the human IGKV and IGLV at >80% threshold (see Plate 3 in [27] ). After the assignment of the IMGT Collier de Perles amino acids to the IMGT amino acid physicochemical classes, comparison can be made with the statistical profiles of the human expressed repertoires. This comparison is useful to identify potential immunogenic residues at given positions in chimeric or humanized antibodies [59] or to evaluate immunogenicity of primate antibodies [60] .
IMGT Colliers de Perles are also of interest when 3D structures are available [6, 26] . In IMGT/3Dstructure-DB [23] , 'IMGT Collier de Perles on 2 layers' are displayed with hydrogen bonds for V type and C type domains. Clicking on a residue in 'IMGT Collier de Perles on one layer' gives access to the corresponding IMGT Residue@Position card, which provides the atom contact types and atom contact categories for that amino acid. IMGT Colliers de Perles display the IMGT pMHC contact sites for 3D structures with peptide/MHC (pMHC) complexes, which can be compared with the IMGT reference pMHC contact sites available in IMGT/3Dstructure-DB [6] .
The IMGT Colliers de Perles for the V type, C type and G type, based on the IMGT unique numbering, represent therefore a major step forward for the comparative analysis of the sequences and structures of the IgSF and MhcSF domains, for the study of their evolution and for the applications in antibody engineering, IG and TR repertoires in autoimmune diseases and leukaemia [61] , pMHC contact analysis [6] , and more generally ligand-receptor interactions involving V type, C type and/or G type domains.
